When hollow concrete masonry is used for construction in high seismic regions, structural designs typically require fully grouted walls. For a fully grouted 203x203x406 mm (8x8x16) concrete masonry unit (CMU), 52 percent of total volume is grout. Grouting process is laborintensive, time consuming and has a high energy demand due to requirements of consolidation in each and subsequent grout lifts. Self-consolidating grout with admixtures has been successfully used without segregation in walls of up to 3.86 m (12.67 ft.) in height. Investigation of selfconsolidating grout mixes without admixtures has potential for sustainability improvement. This paper reports on the compression strength and consolidation observations of selfconsolidating characteristics of no vibration/no admixture grout made by substituting various proportions of Portland cement with Type F fly ash and/or ground granulated blast furnace slag (GGBFS). The percentages of Portland cement replacement were 0%, 50%, 60%, and 70% for Type F fly ash replacement. The percentages of Portland cement replacement were 0%, 60%, 70% and 80% for Type F fly ash and GGBFS.
INTRODUCTION
This paper presents an investigation of the suitability of high replacement of cement in grout with Type F fly ash and/or ground granulated blast furnace slag (GGBFS), without the use of admixtures, for the grout to function as self-consolidating grout. Self-consolidating grout with Type F fly ash and/or slag replacement can provide higher sustainability in masonry construction and also has important economic benefits. Limiting the cement needed in grout would lower the demand for cement and in turn its production. By decreasing production of cement, the required energy from fossil fuels would also decrease. Also, by replacing the cement with a recycled material, such as fly ash and slag, no additional energy would need to be produced. Using recycled materials and reducing the need for fossil fuel would promote sustainability.
In the manufacturing process for cement, sixty percent of the carbon dioxide production is due to a chemical process [1] . Many researchers have attempted to reduce the carbon dioxide emissions from the chemical process but there have not been viable solutions [2] . Therefore, the short time goal should be to reduce the amount of cement in products. Fly ash is an industrial waste material that comes from the combustion of coal. Blast furnace slag is a by-product of iron and steel production. Fly ash and slag can cause severe environmental problems if not disposed of correctly. The utilization of fly ash and slag in concrete and grout instead of dumping the waste material in landfills is a solution to properly dispose of these materials in a sustainable way.
Grout, like concrete, is a cementitious material, typically used in hollow concrete masonry construction. In high seismic regions, structural designs require fully grouted walls. The volume of grout in a fully grouted 203x203x406 mm (8x8x16) concrete masonry unit (CMU) is approximately fifty two percent of the total volume. Since large amounts of grout are required, a more sustainable grout mixture would benefit the environment. Using Type F fly ash and/or slag as a partial replacement of Portland cement, the amount of cement in grout would be reduced. Also, the reduction of cement potentially allows the grout to become self-consolidating without the addition of an admixture as this would increase the viscosity of the grout mixture due to the less demand of water in the hydration process in the mix.
Self-consolidating grout is a highly flowable grout that can spread into place under its own weight and achieve consolidation with no air pockets, limited segregation of materials in the grout, and a full connection between the concrete masonry, grout, and reinforcement [3] . The pozzolanic reaction resulting when fly ash and slag are used would not affect the grout flowability but provide a slower development of strength to the grout mixture. High fly ash and slag replacement of cement in grout would increase the flowability and could potentially satisfy the strength requirements of grout while retaining even limited segregation and air voids in order to be classified as a self-consolidating grout.
Self-consolidating grout in concrete masonry construction also has important economic benefits. Each grout lift needs to be consolidated before the next lift is placed to ensure a good bond. Consolidation for conventional grout requires a mechanical vibrator, which is a major time consuming operation. Also, a mechanical vibrator is difficult to properly consolidate grout in high reinforcement regions due to tight spacing. Self-consolidating grout allows for consolidation without additional vibrations, saving time and money.
LITERATURE REVIEW
Grout is required to flow into all areas of the highly reinforced masonry wall to bond the reinforcement and masonry units together. For conventional grout, a mechanical vibrator is required for consolidation to eliminate air voids and to help ensure sufficient bond strength between materials. The vibrator may be difficult to get into small spaces because of the closely spaced reinforcement [4] . Another feature of conventional grouting is applying the grout at different lifts. A low lift is approximately 1.2 m (4.0 ft) high and a high lift is approximately 3.66 m (12.0 ft) high. A low lift normally contains less error of consolidation than a high lift when using a mechanical vibrator, but it takes several low lifts to reach the height of the high lift. Each lift must be consolidated before the next lift is placed, which takes more time. For high lifts, consolidation is harder to achieve, so the labor requires a higher trained worker. The processes of vibrating and repeated lifts are labor-intensive and time consuming which increase costs.
Proper consolidation in grout means no air voids, no segregation, and an adequate bond between the concrete masonry, grout, and reinforcement. Greenwald, et al, [5] , compared the consolidation of self-consolidating grout to conventional grout through experimentation. Grouted wall specimens were cut at the top, middle, and bottom portions of a fully grouted concrete masonry wall. The specimens were compared on air voids, segregation, and the grout's bond to the reinforcement through visual inspection. There were no significant differences between the self-consolidating grout and the conventional grout. Similar experimental studies have been reported by Horta [6] and also by Hodgson, et al [7] using self-consolidating grout with fly ash. Bradfield [8] reported on the compressive strength of high replacement cement in grout using fly ash and slag. Similar experimental procedural techniques were used in this investigation on comparing consolidation and compressive strength of grout. This paper focuses on comparing the consolidation of self-consolidating grout with Type F fly ash and/or slag replacement and conventional grout, through visual inspection. Compressive strengths of grout specimens were determined at various curing time periods.
TEST PROGRAM
Two experiments were conducted to investigate if high Portland cement replacement grout could be characterized as self-consolidating grout. The experimental grout mixtures used fly ash or fly ash and GGBFS as the replacements for Portland cement, with no admixtures added. These grouts were compared to a baseline grout mixture (conventional grout: no Portland cement replacement). The same grout mixtures were used for both experiments so that they could be related to each other.
The first experiment, The Wall Experiment, investigated the behavior and performance of the potential self-consolidating grouts throughout the height of a high lift wall assembly through visual assessment and physical evaluation. Specifically, the investigation focused on three different aspects of consolidation by comparing the potential self-consolidating grouts to conventional grouted masonry: a visual inspection of the flow characteristics around the mortar fins and reinforcement in the CMU cells, an evaluation of compressive strength at one time in the curing process, and an evaluation of the bond between the reinforcements and grouts. The second experiment, The Compression Experiment, investigated the performance of the potential self-consolidating grouts through compressive strengths of individually grouted CMU at various curing times.
All tests were conducted at the High Bay Laboratory and Concrete Laboratory in the Architectural engineering department of the College of Architecture and Environmental Design at the California Polytechnic State University in San Luis Obispo, California.
Materials used in the study were:
Portland cement Type II-IV complying with ASTM C150 Coal fly ash Class F complying to ASTM C618 Ground granulated blast furnace slag (GGBFS) Grade 100 complying with ASTM C989 Type S masonry mortar complying with ASTM C270 Hollow concrete masonry units (CMUs) complying with ASTM C90 Coarse aggregate 9.5 mm (3/8-in.) pea gravel complying with ASTM C404 Washed concrete sand complying with ASTM C404 Steel reinforcement complying with ASTM A615 Water Trial grout proportions, by volume, followed the upper bound on aggregates from Table 1 of ASTM C476. No admixtures were added to any of the grout mixtures. The only factor in the grout proportions that changed between each mixture was within the cementitious materials. There were three types of cementitious material experimented with: no replacement of Portland cement, Type F fly ash replacement of Portland cement, and Type F fly ash and GGBFS replacement of Portland cement. The no-replacement grout referred to as conventional grout or the "base mix design" represents the cementitious type of grout that is most commonly used in industry, which requires vibration for consolidation, and which the other grout mixtures were been compared to. There were three grout mixtures within both the fly ash replacements and fly ash and GGBFS replacements. The proportions for cementitious material for the fly ash and/or GGBFS replacement were as shown in Table 1 . In order to comply with ASTM C476, the "base mix design", was determined to have a water-tocement ratio of 1.375 (by volume), which provided a slump between 249 to 254 mm (9.5 to 10 inches), as determined following ASTM C143. The water-to-cementitious materials ratio was kept constant at Three samples per mixture were tested at 7, 14, 28, 42, 56, and 130 days of curing. The number of grout specimens used in this investigation for each curing process is shown in Table 2 . The material proportions were batched by volume and mixed in a mechanical mixer in accordance with ASTM C476 as seen in Figure 2 .
Figure 2: Grout Materials Mixing in (a) Mechanical Mixer and (b) Re-Mixing in Bucket
Grout specimens were made and tested in accordance with ASTM C1019, with one exception: the grout was poured into the cores of 203x203x406 mm (8x8x16 in.) (nominal) rather than constructing a grout mold using four CMUs. This exception was made in order to save space and mimic the same water absorption the grout experiences while curing in the core of the CMU, yet still providing the absorptive mold requirement in ASTM C1019. The grouted CMUs were dry cured, complying with ASTM C157, as seen in Figure 3 .
Figure 3: (a) Pouring Grout into Cores of CMUs and (b) Dry Curing Grout Specimens
One day prior to testing, the compression test specimens were made by saw cutting the grout specimens to 102x102x203 mm (4x4x8 in.) nominal, satisfying the dimensional requirements of ASTM C1019 as shown in Figure 4 .
Figure 4: (a) Wet Saw Cutting Specimens and (b) Final Grout Compression Specimens
The specimens were capped and tested in compression in accordance with ASTM C1019 as shown in Figure 5 . Cleanouts were provided in the first course of all the columns to be grouted as shown in Figure  7 .
Figure 7: (a) Wall Elevation and (b) Location of Cleanouts
Different type of grout was placed in each of the four walls as shown in Table 3 . Fly ash replacement grouts were used in wall 1, fly ash and GGBFS replacement grouts used in wall 2, conventional grout used in wall 3 and all grouts used in wall 4. For walls 1, 2, and 3, each mixture of grout was used in two grout columns. For wall 3, three grout columns were vibrated and two were not. 
The walls were grouted between 77 and 81 days after the walls were erected. The materials were batched by volume and mixed in a mechanical mixer in accordance with ASTM C476 as shown in Figure 2 . The slump test, following ASTM C1019, was conducted for the conventional grouts or a slump flow test, following ASTM C1611, was conducted for the experimental grouts.
The grout was poured into the grout column through a funnel at the top. A flashlight was used to check if there was any seepage from the grout into the adjacent grout columns and none was observed in all columns. For the conventional grout columns with mechanical consolidation, the mechanical internal-type vibrator was lowered into the center and all the way to the bottom of the column before the grout was poured. Once approximately one third of the grout column was poured, the vibrator was turned on and left for 5 seconds and slowly lifted out one third of the way. This was repeated until the grout column was completely grouted and vibrated. Figure 8 shows the grouting and vibration operations.
Figure 8: (a) Grout Funnel Leading into One Grout Column and (b) Mechanical Vibration
The walls were lowered to a horizontal position approximately 70 days after being grouted using an overhead crane as shown in Figure 9 A 508 mm (20 in.) diamond blade wet saw was used to cut the compression specimens into 102x102x203 mm (4x4x8 in.) (nominal) grout units and the consolidation specimens once across the middle of the grout cell in order to see the consolidation characteristic around the reinforcement as shown in Figure 4 . In total, 96 compression test specimens and 96 consolidation specimens were retrieved from the walls. Figure 11 shows wall compression and consolidation specimens. The retrieved compression specimens were capped and prepared for testing in accordance with ASTM C1552 and ASTM C1314, as shown in Figure 5 .
For wall 4, grout in each section was chiseled away from the reinforcement in order to prepare specimens for rebar pull out test. (These tests are currently ongoing)
TEST RESULTS AND DISCUSSION
The experimental grouts were found to have a slump flow between 610 to 762 mm (24 to 30 inches) for all of the mixtures as determined following ASTM C1611, therefore, satisfying one of the requirements to be considered a self-consolidating grout. For both types of cement replacement, it was found that, in general, the slump flow increased in diameter as the amount of cement in the mixture decreased. All experimental grouts were found to have VSI of 1 (Stable) as there was no evidence of segregation but a slight bleeding was observed as a sheen on the grout mass. None of the mixtures were considered unstable because there was no noticeable mortar halo and/or aggregate pile in the center of the grout mass. Having a VSI of 1 satisfies another requirement of ASTM C476 for the experimental grouts to be considered a selfconsolidating grout.
Compression test results for the experimental and conventional grouts are shown in Figure 12 .
Figure 12: Average Net Corrected Compressive Strength of Grouts
Results from the compression tests from wall specimens indicated that,
The consolidation samples revealed that,
The pullout tests indicated that,
CONCLUSION
The investigated grout mixtures using replacement of fly ash and/or GGBFS can be classified as non-consolidated grout. 
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